In a previous work, succinylated sugarcane bagasse (SCB 2) was prepared from sugarcane bagasse (B) using succinic anhydride as modifying agent. In this work the adsorption of cationic dyes onto SCB 2 from aqueous solutions was investigated. Methylene blue, MB, and gentian violet, GV, were selected as adsorbates. The capacity of SCB 2 to adsorb MB and GV from aqueous single dye solutions was evaluated at different contact times, pH, and initial adsorbent concentration. According to the obtained results, the adsorption processes could be described by the pseudo-second-order kinetic model. Adsorption isotherms were well fitted by Langmuir model. Maximum adsorption capacities for MB and GV onto SCB 2 were found to be 478.5 and 1273.2 mg/g, respectively.
Introduction
The removal of dyes from wastewater is a matter of great interest in the field of water pollution. Wastewaters from industries like dyestuffs, tannery, textiles, paper and plastics, contain various kinds of synthetic dyes [1, 2] . There are more than 100,000 commercially available dyes and more than 7 Â 10 5 metric tons of dyes are produced worldwide annually [3] . Recent studies indicate that approximately 12% of synthetic dyes are lost during manufacturing and processing operations and that 20% of the resultant color enters the environment through effluents from industrial wastewater treatment plants [4] . Wastewaters from these industries are highly colored and the release of these effluents in natural waters produces serious damage to the environment. Dyes are organic compounds with a chemical complex structure that are stable to light, heat, oxidizing agents and resistant to aerobic digestion [5, 6] . Beyond the visual pollution [7] , the contamination of natural waters with dyes produces modification in biological cycles affecting mainly photosynthesis process. Many dyes are also toxic and even carcinogenic affecting aquatic living organisms [8] . Studies showed that azo dyes and their sub-products may be carcinogenic and/or mutagenic [9e11] . In this current work, the two studied dyes are the cationic dyes, methylene blue (MB) and gentian violet (GV). MB is the most commonly used substance for dying natural fibers as cotton or silk. It can cause eye burns by direct contact and nausea, vomiting, profuse sweating, mental confusion and methemoglobinemia by ingestion [12] . GV is used to dye paper as a component of black inks for printing, ball-point pens and ink-jet printers and has a numerous medicinal application. It is harmful by inhalation, ingestion, through skin contact and has also been found to cause cancer and severe eye irritation in human beings [13] . Therefore, the treatment of effluent containing such dyes is of interest due to its harmful impacts on receiving waters. Among the various chemical treatment techniques available, the most commonly used in the removal of contaminants from wastewater are reverse osmosis, ion exchange, adsorption and precipitation [14] . Due to these environmental reasons, new technologies for degradation and/or immobilization of dyes in wastewaters have been developed. Various techniques for the removal of dyes from wastewaters have also been employed [1, 15] . Among these methods, adsorption is one of the most effective methods [14, 16] and the main adsorbent used for this purpose is activated carbon.
However, activated carbon presents several disadvantages [17] . It is quite expensive, non-selective and ineffective against disperse and vat dyes [18] . This has led many researchers to look for more economic and effective adsorbents as potential substitutes for activated carbon. Within this goal, natural materials like wood, peat, chitin, industrial, agricultural and domestic wastes and/or by-products such as shells of almond and hazelnut, orange peel, sawdust, corncob, rice husk or sugarcane bagasse have been largely studied to adsorb synthetic dyes [2, 15] . In most cases, these materials have been used as adsorbents without any chemical modification. In addition, the chemical modification can introduce functionality to these solid supports, increasing their adsorption capacity and efficiency. A few chemically modified lignocellulosic materials have also been used as dye adsorbents [19] .
Sugarcane bagasse is an excellent solid support because it is inexpensive in comparison to other solid supports such as cellulose pulp, epoxy resins, chitosan, and synthetic polymers. Besides, owing to the increase of bioethanol production in countries such as Brazil, tons and tons of sugarcane bagasse have been produced. According to the last official survey from the Brazilian National Company of Supply e CONAB, an agency from the Brazilian Ministry of Agriculture, the national production of sugarcane in 2009/2010 season was 558 million tons and represents the largest recorded production since records began. On average, 250 kg of sugarcane bagasse containing 50% moisture are produced by ton of sugarcane. In the industries of sugar and ethanol, bagasse has been burned to produce steam and energy for the process; nevertheless, the leftovers are still significant. The remaining bagasse still continues to be a menace to the environment and a more suitable and economic utilization may be the production of cellulosic ethanol for automotive fuel and green polyethylene as well as resins for the treatment of wastewater effluents. The composition of sugarcane bagasse is 40e50% cellulose, 25e30% hemicelluloses, and 20e25% lignin [20] .
In our previous works [20, 21] , succinylated sugarcane bagasse, SCB 2, was prepared from sugarcane bagasse, B, using succinic anhydride as derivatizing agent. In the adsorption studies, SCB 2 exhibited maximum adsorption capacities for Cu 2þ , Cd 2þ , Pb 2þ and Zn 2þ ions of 185.2, 212.8, 416.7 and 125.0 mg/g, respectively. SCB 2 has negative charges due to the presence of carboxylate functions that are released after the modification with succinic anhydride and treatment with sodium bicarbonate solution. These charges are able to interact with cationic dyes, removing them from aqueous solutions by adsorption process. In the present work, the removal of the cationic dyes, methylene blue, MB, and gentian violet, GV, from aqueous single dye solutions using SCB 2 ( Fig. 1) , was studied. The adsorption studies were carried out using different contact times, pH, and initial dye concentration. The results were evaluated by three kinetic models and three adsorption models.
Materials and methods

Materials
Sugarcane bagasse was collected from an alcohol industry at Ouro Preto, Minas Gerais, Brazil. Succinic anhydride and pyridine were purchased from VETEC (Brazil 
Sugarcane bagasse preparation
Sugarcane bagasse was first dried under sunlight. The fiber and pith fractions were broken into small pieces and subsequently dried at 90 C in an oven for 24 h. Sugarcane bagasse was reduced to powder by milling with tungsten ring mill. The powder was sieved in a four-sieve system (10, 60, 100 and 200 mesh). The fraction from 100 to 200 mesh was collected and washed with distilled water under constant stirring at 60e70 C for elimination of residual sugars, separated by single filtration, washed with EtOH 95%, and dried at 90 C in an oven. Finally, it was washed again in a Soxhlet apparatus with hexane-ethanol (1:1) for 4 h to eliminate extractives and lignin extracted from milling process. It was dried at 90 C in an oven and stored in desiccator.
Synthesis of SCB 2
SCB 2 was prepared and characterized according to the methodology described by Gurgel et al. [20] . Sugarcane bagasse (5 g), succinic anhydride (15 g) and dry distilled pyridine (50 mL) were added to a round-bottom flask equipped with a reflux condenser. The mixture was heated at pyridine reflux for 24 h. At the end of the succinylation, modified bagasse was separated by filtration using a sintered glass funnel, washed with a solution of acetic acid in methylene chloride (1 mol/L), ethanol (95%), distilled water, saturated sodium bicarbonate solution, distilled water and then with acetone.
Adsorption experiments
A series of adsorption experiments of MB and GV onto SCB 2 were carried out. The parameters investigated include pH of the adsorption medium, contact time and adsorption capacity. All experiments were carried out at 25 C. The obtained data were employed to develop equilibrium and kinetic mathematic models.
Kinetic study of MB and GV adsorption onto SCB 2
Experiments with each dye and SCB 2 were performed to determine the adsorption equilibrium time. The time interval used was from 10 to 1440 min. Samples of 20 mg of SCB 2 were placed into 250-mL Erlenmeyer flasks containing 100.0 mL of dye solution at known concentrations (200 mg/L for MB and 450 mg/L for GV) under constant stirring. The experiments were made without pH correction. The pH of the solutions containing SCB 2, MB and/or GV was measured and found to be between 7.0 and 8.0. The adsorbent was separated from dye solution by centrifugation (Excelsa Ò II mod.
206 BL) at 3600 rpm for 20 min. The residual dye concentration was measured by collecting the supernatant and measuring the concentration of MB and GV after sorption using a UVeVIS spectrophotometer (BIOSPECTRO, SP220) at an absorbance wavelength of 661 and 584 nm, respectively. The dyes concentration was calculated from a calibration curve of absorbance versus dye concentration. The adsorption amount at time t, q t (mg/g), was calculated by:
where C i and C t (mg/L) are the liquid-phase concentration of dye at initial and any time, respectively, V (L) is the volume of the solution, and w (g) is the weight of adsorbent used.
Effect of pH on MB and GV adsorption onto SCB 2
The effect of pH on MB and GV adsorption was studied over the pH range from 2 to 10. The pH was adjusted by adding few drops of NaOH and/or HCl solutions at 0.01e1.0 mol/L. In this study, 100.0 mL of dye solution of known concentration (200 mg/L for MB and 450 mg/L for GV) at different pH values was stirred with 20 mg of SCB 2. The stirring time was 6 h and 20 h for MB and GV, respectively. The dye concentration was determined as described earlier.
Adsorption isotherms for MB and GV
The experiments were performed for each dye and SCB 2 to determine adsorption isotherms. Samples from 15 to 40 mg and from 25 to 60 mg of SCB 2 were employed in the adsorption experiments for MB and VC, respectively. The samples were placed into 250-mL Erlenmeyer flasks containing 100.0 mL of dye solution at known concentration (150 mg/L for MB and 400 mg/L for GV) under constant stirring. Each experiment was performed at pH of the greatest dye adsorption, 8.0 for both dyes, during the time necessary to achieve the equilibrium. The equilibrium times used in these experiments were obtained from the kinetic study and found to be 360 min for MB and 1200 min for GV, respectively. The adsorption amount at equilibrium, q e (mg/g), was calculated by:
where C i and C e (mg/L) are the liquid-phase concentration of dye at initial and equilibrium, respectively, V (L) is the volume of the solution, and w (g) is the weight of adsorbent used.
Determination of zero charge point
The pH of zero charge point, pH PZC , for SCB 2 was determined using the mass titration method described by Noh and Schwarz [22] . Solutions of 0.01 mol/L NaNO 3 with pH values of 3, 6, and 11 were prepared using 0.1 mol/L HNO 3 and 0.1 mol/L NaOH. In this method, 100.0 mL of the prepared solution with different initial pH was added to each 250-mL Erlenmeyer flasks containing samples of SCB 2 in order to give solid to liquid ratios of 0.05, 0.1, 0.5, 1, 5 and 10%. The equilibrium pH was measured after 24 h of shaking.
Results and discussion
Synthesis and characterization of SCB 2
The succinylation reaction allowed the introduction of chelating functional groups in to sugarcane bagasse by esterification. The weight gain and concentration of carboxylate functions per gram of modified bagasse were found to be 80.5% and 6.0 mmol/g. SCB 2 was also characterized by FTIR spectroscopy. The most important changes that can be noticed is the arising of a band at 2925 cm À1 , corresponding to asymmetric stretching of CH 2 due to introduction of the succinyl group, at 1577 cm À1 corresponding to asymmetric and symmetric stretching owing to the presence of carboxylate functions (eCOO
, and at 1743 cm À1 corresponding to asymmetric and symmetric stretching of ester groups (eCeOeC]O) owing to the introduction of succinyl group by esterification [20] .
Adsorption rate
Adsorption rate was investigated by measuring the amount of adsorbed dye at different contact times and pH values.
Effect of contact time
The effect of contact time on the adsorption of MB and GV onto SCB 2 for a fixed initial dye concentration, 200 mg/L for MB and 450 mg/L for GV, and pH 7.0e8.0 at 25 C is shown in Fig. 2 . Noteworthy is the fact that dye uptake is rapid for the first 100 min and thereafter it proceeds at a slower rate and finally attains saturation. At this point, the amount of adsorbed dye reached a dynamic equilibrium state with the amount of dye in solution [23] . The time required to achieve the equilibrium state was called equilibrium time. The amount of adsorbed dye at the equilibrium time shows the maximum dye adsorption under the experimental conditions. The uptake of dye onto SCB 2 is fast at the initial stages, and thereafter, it becomes slower close to the equilibrium. It can be explained by the fact that a large number of vacant surface sites are available for adsorption during the initial stage, and after a period of time, the remaining vacant surface sites are difficult to be occupied due to repulsive forces between the solute molecules on the solid and bulk phases [24] . As can be seen from Fig. 2 , equilibrium times of 6 h and 20 h were found for MB and GV, respectively. The result for MB adsorption is similar to those obtained by Hamdaoui [25] , who found equilibrium times of 5 h for the adsorption of MB onto cedar sawdust.
In comparison to most of the published reports in the literature, equilibrium times are lower than those presented in this work. On the other hand, the concentrations of dyes employed in those papers are lower than those employed in this work. At low dye concentrations, the vacant surface sites adsorb the dye more rapidly. One explanation for this observation may be the fact that at low concentration almost all dye molecules are adsorbed very quickly on the outer surface. Further increases in the initial dye concentration led to fast saturation of adsorbent surface, and thus, most of the dye adsorption took place slowly inside the pores by intra-particle diffusion. Steric repulsion between molecules of the solute can also minimize adsorption process [23, 26] .
Effect of pH
The pH is one of most important parameters for adsorption control. Adsorption of MB and GV onto SCB 2 as function of pH is shown in Fig. 3 [28] , and consequently higher amounts of MB and GV are adsorbed by SCB 2. This observation makes it possible to conclude that the adsorption mechanism is based on electrostatic interactions between the negatively surface charged adsorbent and positively charged MB and GV dyes [26, 29] . A similar tendency was noticed by Uddin et al. [30] for the adsorption of MB onto tea waste at optimum pH of 8.0, and Royer et al. [28] for the adsorption of MB onto Brazilian pine-fruit shell and carbonized forms at an optimum pH of 8.5.
Based on the obtained results for the adsorption of MB and GV onto SCB 2 as a function of contact time and pH, a contact time of 6 h and 20 h, and a pH of 8.0 for MB and GV were chosen to perform the studies as a function of initial dye concentration and build adsorption isotherms.
Adsorption isotherms
Adsorption isotherms describe how adsorbates interact with adsorbents and are important in optimizing the use of an adsorbent in a real adsorption processes. Various isotherm models are available in the literature. Three of the most widely used isotherms were chosen to evaluate the equilibrium results: Langmuir, Freundlich and Temkin isotherms.
Langmuir adsorption isotherm theory [31, 32] is based on five assumptions: (1) adsorption is limited to the formation of a monolayer, or the number of adsorbed species does not exceed the total surface sites; (2) the energy of adsorption is independent, on the other hands, all surface sites have the same energy or equal affinity for the adsorbate; (3) both solute and solvent have equal molar surface areas; (4) both surface and bulk phases exhibit ideal behavior, e.g. no soluteesolute or soluteesolvent interaction in either phase; and (5) it assumes that all sites are initially free and does not consider any reverse reaction of a displaced ion, such as protons with the site. Eq. (3) is a linearized and rearranged form of the general form of Langmuir equation [29, 33] .
where q e (mg/g) is the equilibrium adsorption capacity, Q max (mg/g) is the maximum amount of the dye per unit weight of the SCB 2 to form a complete monolayer coverage on the surface bound at high equilibrium dye concentration C e (mg/L) and b (L/mg) is the Langmuir constant related to the affinity of binding sites. Q max represents the practical limiting adsorption capacity when the surface is fully covered with dye, assisting in the comparison of adsorption performance, and b indicates the bond energy of the adsorption reaction between dye and material. A linearized plot of C e /q e versus C e was obtained from the model and is shown in Fig. 4 . Q max and b were computed from the slopes and intercepts of the straight lines. Table 1 lists the calculated results.
One of the essential characteristics of the Langmuir isotherm can be expressed by a separation factor, R L ; which is defined as
where C i is the initial concentration of dye (mg/L). The value of R L indicates whether an isotherm is irreversible (R L ¼ 0), favorable (0
The obtained values of R L were found to be 0.0112 and 0.0122 for MB and GV, respectively. These R L values showed that the adsorption of both dyes on SCB 2 is favorable. Freundlich isotherm [34] is an adsorption model for a single solute system. Freundlich model is based on an empirical equation of the distribution of solute between the solid phase and aqueous phase at equilibrium. It is not restricted to the formation of a monolayer in comparison with Langmuir theory. It also assumes that the adsorbate concentration increases so too does the concentration of adsorbate on the adsorbent surface. Theoretically, using this expression, an infinite adsorption amount can occur. Freundlich isotherm can be expressed in its linear form as shown below:
where K (mg/g (L/mg) 1/n ) and n are the Freundlich constants. The term 1/n indicates the intensity of adsorption, in other words, the effectiveness of adsorption. Thus, when 1/n is less than unity, the adsorption is favorable. Values of K and n are calculated from the intercept and slope of the plot of ln q e versus ln C e and are listed in Table 1 . Tempkin and Pyzhev [35] considered the effects of some indirect adsorbate/adsorbate interactions on adsorption isotherms and suggested that because of these interactions the heat of adsorption of all the molecules in the layer would decrease linearly with coverage. Tempkin isotherm has generally been used in the linearized and rearranged form as shown by Eq. (6):
where A is an equilibrium constant of binding corresponding to the maximum energy of binding (mg/L) and the constant B is related to the heat of adsorption. A plot of q e versus ln C e enables the determination of the isotherm constants A and B. Values of A and B as obtained are shown in Table 1 .
The obtained results for MB and GV adsorption onto SCB 2 for each model are presented in Table 1 . The correlation coefficients, R 2 , were used to compare the three isotherm models. As can be seen from Table 1 , Langmuir model showed a higher correlation coefficient than Freundlich and Tempkin models. Similar results were reported for the adsorption of MB onto cedar sawdust [25] and tea waste [30] and for the adsorption of VC onto hardwood sawdust [36] . The Q max of the SCB 2 for MB and GV using Langmuir model were found to be 478.5 and 1273.2 mg/g, respectively ( Table 1) . Removal of cationic dyes from aqueous solutions by various modified adsorbents has been performed by a number of research groups in the world. Some recently reported results for adsorbents prepared from agricultural wastes are shown in Table 2 and compared with SCB 2. The most important parameter to compare the adsorption performance is the Langmuir Q max value, since it is a measure of maximum adsorption capacity of an adsorbent. The value of Q max for MB adsorption obtained from the present study is larger than those from most of previous works. It has been found that only two adsorbents presented better adsorption efficiency than MB in the literature. For GV adsorption onto SCB 2, the obtained value was 1273.2 mg/g, and it is very higher in comparison with other adsorbents as can be seen from Table 2 . These outstanding sorption capacities for GV and MB adsorption place SCB 2 as one of the best adsorbents for basic dyes removal from aqueous solutions.
Adsorption kinetics
Kinetic models are used to determine the rate of the adsorption process and how this rate controls the equilibrium time. The adsorption of a solute as a dye by a solid support in aqueous solution is a phenomenon whose kinetics is often complex. The mechanism of adsorption depends on the physical and/or chemical characteristics of the adsorbent, as well as on the mass-transport process. In order to investigate the mechanism of dye adsorption onto SCB 2, three kinetic models were studied: pseudo-first-order, pseudo-second-order and Elovich. These models are the most used to describe dye and other pollutants adsorption such as heavy metals onto solid adsorbents [38] . The pseudo-first-order kinetic model of Lagergren [39] is more suitable for lower concentrations of solute and its linear form is logðq e À q t Þ ¼ logq e À k 1 2:303 t
where q t (mg/g) is the amount of adsorbate adsorbed at time t (min); q e (mg/g) is the adsorption capacity in the equilibrium; k 1 (min À1 ) is the rate constant of pseudo-first-order model.
The values of k 1 and q e for the adsorption of MB and GV onto SCB 2 were determined from the plot of log (q e À q t ) versus t. The obtained straight line yields k 1 as the slope and ln q e as the intercept.
The pseudo-second-order model of Ho and McKay [40] based on adsorption capacity can be represented in the linear form as follows
where q e (mg/g) and q t (mg/g) are the solute amounts adsorbed per unit mass of adsorbent at equilibrium time and at time t (min) and k 2 is the pseudo-second-order rate constant (g mg À1 min
À1
). The equilibrium constants of pseudo-second-order model, k 2 and q e can be obtained from the slope and intercept of the plot of t/q t versus t (Fig. 5) .
Elovich model suggests that the chemisorption, i.e. a chemical reaction, is probably the mechanism that controls the rate of adsorption [41] . This model can be applied with success in liquid solution and the linear form of the Elovich equation is:
where a (mg/g h) is the initial sorption rate and b (g/mg) is the desorption constant.
The values a and b can be calculated from the slope and intercept of the plot of q t versus ln t that yields a straight line. As can be seen from Table 3 , the values of R 2 are closer to unit for pseudo-second-order model than pseudo-first-order model and Elovich model. Thus, the pseudo-second-order model can describe the both dyes adsorption by SCB 2. Furthermore, values of q e,cal calculated from pseudo-second-order model were in good agreement with experimental values, q e,exp , than those calculated from pseudo-first-order model. Adsorption phenomenon followed the pseudo-second-order model during all period of adsorption and thus supports the model presupposition that the adsorption is controlled by a chemical process, i.e. chemisorption [41] . Values of R 2 for Elovich model were lower than pseudo-second-order model and thus indicate that Elovich model cannot be adequate to describe the kinetic of adsorption of MB and GV onto SCB 2. Similar results were found for the adsorption of MB and GV onto sepiolit [38] and for the adsorption of MB onto hazelnut Shell [42] .
Adsorption mechanism
The adsorption mechanism for dyes removal by adsorption using an adsorbent material can be assumed as involving three steps in which bulk diffusion is considered to be instantaneous, i.e. migration of the dye from the bulk of the solution to the surface of the adsorbent, is ignored:
(1) Diffusion of dye through the boundary layer to the surface of the adsorbent; (2) Intra-particle diffusion: Dye transfer from the exterior surface of the adsorbent to the interior pores of the particle through a pore diffusion or intra-particle diffusion mechanism; (3) Adsorption of dye in an active site on the surface of material via ion exchange, complexation and/or chelation.
In many cases, there is a possibility that intra-particle diffusion will be the rate-limiting step, which is normally determined using the equation proposed by Weber and Morris [43] :
where q t (mg/g) is the adsorbed amount at time t and k id (mg/g h 0.5 ) is the intra-particle rate constant. According to Eq. (10), a plot of q t versus t 0.5 should be a straight line with a slope k id and intercept C i when adsorption mechanism follows the intra-particle diffusion process. Values of C i give an idea of the thickness of the boundary layer. The larger the intercept, the greater will be the boundary layer effect. Values of k id and intercept C i are presented in Table 4 . If the line passes through the origin, the rate-limiting process is then due only to the intra-particle diffusion. Fig. 6 shows the straight lines of the plot of q t versus t 0.5 with multi-linearity for both dyes using SCB 2 as adsorbent. This behavior indicates Table 4 Adsorption mechanism by intra-particle diffusion model.
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Step that adsorption processes involve more than one single kinetic stage [28] . The first linear portion (sharpest portion) was attributed to film diffusion, i.e. transport of dye particles from limit layer to adsorbent surfaces and corresponds to the faster stage of adsorption. The second linear portion corresponds to the gradual adsorption stage where the intra-particle diffusion is the rate-limiting. The third linear portion can be considered as the final equilibrium stage where intra-particle diffusion begins to slow down because of the extremely low dye concentration in the solution and the dye particles occupied all the active sites of SCB 2 adsorbent.
The different adsorption rates noticed showed that the adsorption of both dyes onto SCB 2 was initially fast and decreases with time.
Conclusions
Succinylated sugarcane bagasse (SCB 2) prepared from sugarcane bagasse, an important agricultural waste, after only one chemical modification step showed to be very efficient for removing MB and GV from aqueous solutions by adsorption. Equilibrium adsorption times were found to be 6 h and 20 h for MB and GV, respectively and optimum pH for both dyes removal was found to be equal to 8.0. The results of equilibrium adsorption were evaluated by three adsorption models and experimental data fitted very well to the Langmuir model. Maximum adsorption capacities for removal of MB and GV were found to be 478.5 and 1273.2 mg/g, respectively. This value of Q max for MB adsorption is larger than those in most of the reports published in the literature. For GV, maximum adsorption capacity was found to be 1273.2 mg/g and it is higher than other adsorbents capacities reported at present moment in the literature. Three kinetic models were used to model the kinetics of adsorption. The adsorption process was well described by pseudo-second-order model, however the intraparticle diffusion model yielded three linear regions, which suggested that the adsorption can be also described by multiple sorption rates. SCB 2 exhibited remarkable adsorption capacities for removal of GV and MB from aqueous single solutions. 
